The D region of bacteriophage T4 is comprised of six closely linked genes which are situated between 161 kb and 165 kb on the T4 chromosome. We studied the transcription of these genes in vitro by using DNA templates derived from a series of deletion mutants in this region. The mixture of primary products made by Escherichia coli RNA polymerase were fractionated by gel electrophoresis into discrete RNA species. The results obtained together with the known map positions of the deletions allowed to identify four wild-type and several deletion-specific transcripts of the D region. The end points of these transcripts were approximately mapped. The results demonstrate that the D region has two promoters and two terminators, an organisation which is similar to the previously established organisation of the T4 tRNA gene cluster.
INTRODUCTION
The genome of bacteriophage T4 contains 166 kilobase (kb) pairs of DNA most of which has been assigned to about 150 genes which have been identified genetically (1) . Although the expression of the T4 genome has been extensively studied (2) , its transcription map is poorly charcterized in comparison to other DNA bacteriophages, mainly because the two important tools for such kind of an investigation, restriction enzyme fragments of DNA and individual RNA transcripts, were not available in the case of T4 until recently. The problem posed by the resistance of the T4 DNA to restriction enzymes has been now circumvented (see Ref. 3 for a restriction map of T4 and relevant references). Discrete T4 transcripts have been also made available by using gel electrophoresis to fractionate the mixture of products made in vitro on T4 DNA (4, 5) . Some 30 different RNA species of molecular sizes ranging from several hundred to about 10 000 nucleo-tides were found in this mixture. An easy way to identify these transcripts and to approximately map their endpoints on the T4 chromosome is to use as transcription templates DNA from T4 deletion mutants. This approach has already provided an approximate transcription map of the T4 tRNA gene cluster (4, 6, 7) and helped to elucidate some features of its control (8, 9 ) . In this work we employed the deletion analysis of in vitro transcripts to identify the products of another T4 genetic region -the D region, and to approximately map its transcription control signals.
The D region of T4 ( Fig. 1) is located in the phage chromosome between genes rllB and 52. In the early experiments of Bautz and his coworkers (10, 11) this region was subdivided into D 1 and D. segments and a promoter site was envisaged on the D./D-boundary on the basis of deletion analysis of in vivo transcription of D-sequences. Five genes were subsequently mapped in the D_ segment ( Fig. 1 ; see Ref. 12 and the work cited therein). None of these genes is essential for T4 development in the laboratory strains of Escherichia coli, a fact that permitted the isolation of a series of deletion mutants in the D region.
Two types of D region deletions were used in this work. First, some of the original rll deletions (13, 14) which extend beyond the end of rllB downwards in the direction of transcription (15) (16) (17) (18) (19) . These deletions are shown by closed boxes in the map of Fig. 1 . Second, a class of deletions called saA which was described and mapped more recently (12) . These deletions which are represented by open boxes in the map of Fig. 1 , extend for varying distances in the direction of rllB from the distal part of the D region.
MATERIAL AND METHODS
Bacteriophaqes. The wild type T4B and rll deletion mutants Methods. All methods used in this work were described previously (6, 7 ) . The only modification consisted in running composite acrylamide-agarose gels for 36-4O hours instead of 16-18 hours (6) in order to better resolve high molecular weight RNAs. 
RESULTS
The goal of this work was to identify the products of the D region among the RNA transcripts made on T4 DNA by Escherichia coli RNA polymerase. More than 30 such transcripts are synthesized when ±ii vitro transcription is performed under "standard assay" conditions (6) which allow initiation of RNA chains with standard ribonucleoside triphosphates present in high concentrations. Different subsets of these transcripts can be obtained by using "dinucleotide initiation" protocol when RNA chains can only be initiated with dinucleoside 3'-5' monophosphate primers added to the samples, since the normal nucleoslde triphosphates are present in concentrations insufficient for initiation (7) . This method allows to distinguish different RNA species which have the same mobility during gel electrophoresis, and gives less background caused by unspecific initiation of RNA.
The experiment presented in Fig. 2 compares RNA transcripts synthesized on the DNA of wild type T4 and the DNA of six rll deletion mutants (whose map positions are shown in Fig. 1 ) under the conditions of selective chain initiation with UpA as primer. One can clearly see that two of the major wild type transcripts, designated band E and band F, are not synthesized when the DNA templates contain the deletions NB2226 and NB3O34. RNA products synthesized under the conditions of selective initiation with UpA primer were separated by gel electrophoresis followed by autoradiography of the gel slab. The designations of RNA bands are explained in the text and the map positions of the deletions are shown in Fig. 1 and band F are present in the case of deletions A105 and 638. In the case of deletions NB2327 and 1272, the longer transcript E is present and the shorter one, F, is absent.
In addition to the major bands E and F, there are two minor transcripts, G and H, whose formation is affected by the deletions. At longer times of exposure during autoradiography (data not shown), one can clearly observe that the occurence of band G corresponds to that of band E, whereas band H is always present together with band F. The previously identified (6, 7) band A, the 3.0 kb long transcript of the T4 tRNA gene cluster which is also initiated with UpA can be seen as well.
The simplest interpretation of these results together with the data of Fig. 1 , is a two promoter -two terminator scheme of the formation of transcripts E, F, G and H. According to this scheme, transcripts E and G are initiated from the same promoter situated in the wild type DNA just upstream from the right-hand end of deletion 1272. Transcripts F and H are initiated from a promoter downstream from the breakpoint of deletion 1272. Transcripts G and H are served by the same weak proximal terminator which is often read through by RNA polymerase resulting in the completion of transcripts E and F at a strong distal terminator. These promoters and terminators are shown in the Fig. 1 by arrows pointed upwards and downwards, respectively. These conclusions were confirmed by the results obtained in a similar experiment with the deletions of the saA series (Fig.  3 ) . One can see that the wild type transcripts E, F, G and H are all missing when DNA templates contain the saA deletions. If a deletion removes an internal portion of a transcription unit without affecting its promoter and terminator, one can expect the appearance of a deletion-specific transcript shorter than the original wild-type product. In the case of deletions saA3 and saA4, two new transcripts are seen (E 3 , F 3 and E., F., respectively) whose positions in the gel correlate with the lengths of the deletions. Apparently, RNA species E_, E. and species F , F. represent the two transcription units identified above shortened by the deletions.
In the case of deletion saA5 only one deletion-specific band, E,-, is seen which apparently corresponds to the wild type E transcript. We believe that the second saA5-specific band, F 5 » is not seen because of its comigration with band A RNA. When the DNA template contains deletion saA9, no deletion-specific transcripts could be detected. This is not surprising because from the extent of this deletion leftwards on the map of Fig. 1 , one can expect that it would remove both presumable promoters of the D region from the DNA.
The weak wild type transcripts G and H were not found in the case of the deletions of saA series. Their deletion-specific counterparts which can be expected in the case of deletions saA4 and saA5 should be too short to be found on the gel of Fig. 3 .
However, the saA3-specific counterparts of the wild type bands G and H must be present in this gel. Indeed, at longer exposures during autoradiography(data not shown), two weak bands could be seen in the expected positions but their unambiguous identification was not possible because of overlapping with other weak wild type transcripts.
The formation of the D region transcripts identified above was further studied under the "standard assay" conditions when initiation of RNA chains with ribonucleoside triphosphates is allowed (Fig. 4 ) . The products synthesized on the wild type DNA and on the DNA with deletion saA4 were compared and the following observations were made: (i)the two strong deletion-specific bands E. and F are produced in the case of the deletion; (ii) the two weak wild type bands G and H can be seen among the wild type products; (iii) in the higher molecular weight region , wild type band F can be clearly seen while band E is apparently overlapped by another high molecular weight product. Thus, under standard assay conditions, the two pairs of promoters and terminators identified above seem to be active.
DISCUSSION
The existence of a promoter site on the boundary of D. and D_ regions was inferred from the analysis of _in vivo transcription as early as in 1969 (10) . Later experiments (unpublished data of Bolle, Sederoff, Brody and Epstein cited in Refs. 18; 20) have shown that actually two promoters are functioning i^n vivo in this area, both of which were classified as "immediate-mode" type, i. e. promoters which can be utilized by unmodified host RNA polymerase in the absence of bacteriophage-specific protein synthesis. There are all reasons to believe that the two iji vitro promoters in the D region mapped in our experiments are identical to the ones found in vivo.
Our results allow to estimate the distance between the two promoters quite accurately, because it is about the same as the size of deletion saA3 (0.21 * 0.05 kb, Ref. 12) as is evident from the relative positions of bands E, F, E, and F in the gel of Fig. 3 . The right-hand end of deletion 1272 which is situated between the two promoters, places them fairly accurately on the T4 genetic map.
The map positions of the two terminators can be directly inferred from the lengths of the transcripts. However, the non--denaturing acrylamide-agarose composite gel system used in these experiments does not allow accurate measurement of molecular weights because relative migration distances of RNA molecules reflect their molecular radii rather than sizes (21) . This is the reason why RNA species A (3.0 kb) and D (3.5 kb) (Fig. 4) which contain several tRNA sequences (6) migrate more slowly than expected relative to 23S (3.2 kb) and 28S (5.3 kb) size markers ( From the approximate positions of termination sites (Fig.1) one can assume that gene 52 and a certain length of DNA downstream (where the T4 control gene mot has been mapped, Ref. 23) are transcribed from the two promoters identified in this work. That gene 52 is cotranscribed with the other genes in the D region also follows from a recent observation (T. Young, personal communication) that the gene 52 transcript is overproduced in vivo in the case of the saA9 deletion which apparently fuses gene 52 with the rll region; under normal conditions of infec tion, gene rllB is shut off much later than gene 52 (24) .
Recent measurements of the size of iri vivo early RNA transcripts (T. Young and R. C. Menard, in preparation) have shown that the gene 52 message is present in an RNA molecule about 3.0 kb long, which corresponds to our G and H transcripts. No in vivo gene 52 transcript of a size corresponding to the E and F RNA species was found which may be explained by degradation or cleavage of these species _in vivo.
It should be noted that with the exception of a high molecular weight deletion-specific band which appears in the case of rll deletion NB2226 and is indicated by an arrow on the gel of Fig. 2 , no bands related to the rll region were detected in our experiments. It is the goal of our future experiments to study the in vitro transcription of the rll genes in more detail.
The two promoter -two terminator organisation of the D region established in this work is similar to the previously found arrangement of transcription control sites in the T4 tRNA gene cluster (6, 7 ) . It is possible that this type of organisation is general for all T4 early transcription units.
